Abstract Purpose: We aimed to develop prognostic biomarkers for gastrointestinal stromal tumors (GIST) using a proteomic approach. Experimental Design: We examined the proteomic profile of GISTs using two-dimensional difference gel electrophoresis. The prognostic performance of biomarker candidates was examined using a large-scale sample set and specific antibodies. Results: We identified 43 protein spots whose intensity was statistically different between GISTs with good and poor prognosis. Mass spectrometric protein identification showed that the 43 spots corresponded to 25 distinct gene products. Eight of the 43 spots derived from pfetin, a potassium channel protein, and four of the eight pfetin spots had a high discriminative power between the two groups.Western blotting and real-time PCR showed that pfetin expression and tumor metastasis were inversely related.The prognostic performance of pfetin was also examined by immunohistochemistry on 210 GISTcases.The 5-year metastasis-free survival rate was 93.9% and 36.2% for patients with pfetin-positive and pfetin-negative tumors, respectively (P < 0.0001).
Gastrointestinal stromal tumors (GIST) are the most common primary mesenchymal tumors of the digestive tract, with a prevalence of 15 to 20 per 1,000,000 (1, 2) . The clinical course of GISTs spans a wide spectrum from a curable disorder to a highly malignant disease that leads to metastasis and death. Thus, the molecular background of GISTs has been extensively studied to predict the behavior of individual tumors. GISTs are characterized by the presence of mutations and overexpression of c-kit and, clinically, by their response to treatment with imatinib (3 -7) . Tumor location and certain molecular aberrations, including c-kit, plateletderived growth factor (PDGFR), and p16 alterations, have been found to correlate with patient prognosis and response to treatment with imatinib (8 -12) . However, none of these variables has been proven to be clinically useful in improving patient outcomes yet. GISTs arise from the intestinal cells of Cajal, which are the mesenchymal pacemaker cells of the guts (13) , their biological characteristics, however, remain largely obscure.
Recent comprehensive studies offered a global view of molecular aberrations associated with the malignant spectrum of GISTs. Genomic studies using fluorescence in situ hybridization and array-based comparative genomic hybridization identified chromosomal regions frequently amplified and target genes within these regions, the copy number status of which correlated with tumor behavior (14, 15) . Global mRNA expression studies using DNA microarrays identified the genes that are involved in the signaling pathways specific to kit or PDGFR and aberrantly regulated in GISTs (16) , the genes associated with histologic features denoting malignancy (17) , and the genes differentially expressed based on the KIT genotype and GIST anatomic site (18) . These comprehensive studies will further increase our understanding of the biology of GIST and lead to the development of practical tumor markers to support individualized therapy (8) . Emerging technologies that examine the overall features of the expressed proteins, namely the proteome, have identified many candidate proteins associated with early diagnosis (19) , differential diagnosis (20) , prognosis (21) , and response to chemotherapy (22) in various diseases. Many lines of evidence have indicated that DNA copy number and mRNA expression levels do not necessarily correspond to the protein contents, and that posttranslational modifications cannot be predicted by DNA sequences (23, 24) , suggesting that proteomic studies offer unique data that cannot be obtained by other approaches. The proteomic profile of GISTs has not been established yet, and a proteomic study using a large-scale clinical sample set would complement the genome and transcriptome studies.
In this report, we did a comprehensive quantitative expression study on the intact proteins of GIST clinical samples using two-dimensional difference gel electrophoresis and mass spectrometry. Proteomic studies on peptides have been used to develop tumor markers, but intact proteins have not been considered for this purpose, with a few exceptions. Two-dimensional difference gel electrophoresis, as the most advanced form of two-dimensional gel electrophoresis, has the great advantage of being able to be used to study intact proteins. We found that the expression levels of 43 proteins, including eight variants of pfetin (predominantly fetal-expressed tetramerization domain; potassium channel tetramerisation domain containing protein 12), which was originally reported as a protein highly expressed in fetal cochlea and brain (25) , correlated with prognosis. We verified the prognostic value of pfetin expression on 210 GIST cases using immunohistochemistry. Our findings indicate that the use of pfetin expression as a prognostic indicator may facilitate tailored medical care for GIST patients.
Materials and Methods
Patients and clinical information. We examined the tumor tissues of 212 GIST patients who underwent surgery at the National Cancer Center Hospital consecutively from October 1977 to December 2005. All patients underwent resection with curative intent and were not treated with adjuvant chemotherapy, including treatment with imatinib, until distant metastasis was diagnosed. Histologic features of the tissues were reviewed by three board-certified pathologists (K.S., T.S., and T.H.). Diagnosis was based on the WHO classification system for soft-tissue tumors (26) , including the examination of tumor size, presence of necrosis, differentiation, mitotic rate, MIB-1 index, presence of epithelioid cells, and CD34 and CD117 expression. Using this large, well-characterized single hospital -based sample set, we were able to identify proteomic features that differ significantly when examined in relation to certain clinicopathologic variables. This project was approved by the institutional review board of the National Cancer Center.
Previous reports indicated that GIST patients that were histologically classified as of being at low or intermediate risk did not develop metastases within 2 y postsurgery, whereas GIST patients histologically classified as of being at high risk developed metastases within 1 y postsurgery (27) . For proteomic analysis, we grouped the GIST samples into two groups. GISTs that had metastases at diagnosis or developed metastases within 1 y postsurgery and were categorized in the high-risk group based on their histologic features were defined as poor-prognosis GISTs (P-GIST; Table 1 , samples [1] [2] [3] [4] [5] [6] [7] [8] . GISTs that did not have metastases within 2 y postsurgery and were grouped in the low-or intermediate-risk group based on the histologic features were defined as good-prognosis GISTs (G-GIST; Table 1 , samples 9-17). The samples listed in Supplementary Table S1 were excluded from this classification; samples 18, 19, 24 , and 25 were excluded because RNA data were not available for the validation study and the other samples because they did not meet the criteria for classification either as P-GISTs or G-GISTs.
For the immunohistochemical study, we selected 210 patients who did not have distant metastases at the time of surgery.
Protein expression profiling. Frozen samples were crushed to powder with a CryoPress (Microtech Nichion) under cooling with liquid nitrogen. The frozen powder was then treated with urea lysis buffer (6 mol/L urea, 2 mol/L thiourea, 3% CHAPS, and 1% Triton X-100).
After centrifugation at 15,000 rpm for 30 min, the supernatant was used as the source of cellular proteins for protein expression studies. Two-dimensional difference gel electrophoresis was done as described previously (20, 28, 29) . In brief, the internal control sample was prepared by mixing a portion of all individual samples. Five micrograms of the internal control sample and of each individual sample were labeled with Cy3 and Cy5, respectively (CyDye DIGE Fluor saturation dye; GE Healthcare Biosciences) according to the manufacturer's instructions. The differently labeled protein samples were mixed and separated by two-dimensional gel electrophoresis, which was achieved using IPG DryStrip gels for the first dimension separation (length, 24 cm; isoelectric point range, between 4 and 7; GE Healthcare Biosciences) and SDS-PAGE for the second dimension separation (EttanDalt II; GE Healthcare Biosciences). The gels were scanned using laser scanners (Tyhoon Trio; GE Healthcare Biosciences) at appropriate wavelengths. For all spots, the intensity of the Cy5 image was normalized by that of the Cy3 image in the identical gel so that gel-to-gel differences were compensated, using the DeCyder image software (GE Healthcare Biosciences). System reproducibility was verified by comparing the protein profiles obtained from three independent separations of the identical sample (sample 22; Supplementary Table S1 ). Scatter plot analysis revealed that the standardized intensity of >96% of the spots ranged within a 2.0-fold difference ( Supplementary Fig. S1 ). Representative two-dimensional images with the numbers of the identified spots are shown in Fig. 1A and Supplementary Fig. S3 .
Data analysis. We identified protein spots whose intensity was statistically (Wilcoxon test, P < 0.001) different between the groups examined. Hierarchical clustering, principal component analysis, correlation matrix study, and spot ranking were done using the Expressionist software (Genedata).
Protein identification by mass spectrometry. Proteins corresponding to the spots of interest were identified by mass spectrometry according to our previous report (20, 30) . Cy5-labeled proteins separated by 2D-PAGE were recovered in gel plugs and digested with modified trypsin (Promega). The trypsin digests were subjected to liquid chromatography coupled with tandem mass spectrometry equipped with a nanoelectrospray ion source (Paradigm MS4 dual solvent delivery system; Michrom BioResources, Inc.) for microflow high performance liquid chromatography, an HTS PAL auto sampler (CTC Analytics), and a Finnigan LTQ linear ion trap mass spectrometer (Thermo Electron Co.) equipped with a nanoelectrospray ion source (AMR, Inc.). The Mascot software (version 2.1; Matrix Science) was used to search for the mass of the peptide ion peaks against the SWISS-PROT database (Homo sapiens, 12867 sequence in Sprot_47.8 fasta file). Proteins with a Mascot score of 35 or more were used for protein identification. When multiple proteins were identified in a single spot, the proteins with the highest number of peptides were considered as those corresponding to the spot.
Western blotting and immunohistochemistry. Protein samples were separated by SDS-PAGE and subsequently blotted on a nitrocellulose membrane. The membrane was incubated with rabbit polyclonal antibody against pfetin (1:1,000 dilution) kindly provided by Dr. Morton (25) , and then horseradish peroxidase -conjugated secondary antibody (1:1,000 dilution; GE Healthcare Biosciences). Pfetin was detected using an emhanced chemiluminescence system (GE Healthcare Biosciences) and LA 1000 (Fuji film).
Pfetin expression was examined immunohistochemically using paraffin-embedded tissues. In brief, 4-Am-thick tissue sections were autoclaved in 10 mmol/L citrate buffer (pH 6.0) at 121jC for 30 min and incubated with the antibody against pfetin (1:500 dilution). Immunostaining was done according to the streptavidin-biotin peroxidase method using the Strept ABC Complex/horseradish peroxidase kit (DAKO). One pathologist (K. S.) and one medical doctor (Y. S.) reviewed the sections stained with antipfetin antibody in a blinded fashion regarding clinical data (age, sex, anatomic site, and outcome). Positively stained cells were defined as those that had higher staining intensity than that of vascular endothelial cells, which served as positive controls. Cases with >20% of tumor cells stained positively with the antipfetin antibody were considered as pfetin positive, whereas cases with <20% pfetin-positive tumor cells were considered as pfetin negative. In most cases, the difference was so obvious that two reviewers had consistent results. Inconsistencies, if any, were resolved by discussion, as a usual process of pathologic diagnosis in the hospital.
Mutation study for c-kit and PDGFRA. We examined the c-kit and PDGFRA genes for the presence of mutations as previously described (31) in the 39 cases where DNA samples were available. In brief, DNA was extracted from the frozen tissues, and the exons including the frequent mutation sites for c-kit and PDGFRA were amplified by PCR. The PCR products were purified with 2% agarose gel electrophoresis, extracted with an QIAquick PCR Purification kit (Qiagen), and sequenced using an ABI Prism 3100 Genetic Analyzer (Applied Biosystems). The primer sets for c-kit were as follows: 5 ¶-TCTAGTG-CATTCAAGCACAATGG-3 ¶ and 5 ¶-CATGACTGATATGGTAGACAGAG-3 ¶ for exon 9, and 5 ¶-CCAGAGTGCTCTAATGACTGAGAC-3 ¶ and 5 ¶-AAA-GGTGACATGGAAAGCCCCTG-3 ¶ for exon 11.The primer set for exon 12 of the PDGFRA gene was 5 ¶-CCTGGTCATTTATAGAAACCGAG-3 ¶ Quantitative reverse transcription-PCR. We extracted mRNA and generated cDNA using the Super Script III kit (Invitrogen) in the 39 cases where mRNA samples were available. The quantitative amplification was monitored with Taq Man Gene Expression Assays Table 2 , and SupplementaryTable S2. The image is shown enlarged in Supplementary Fig. S3 . B, hierarchical clustering of the 17 GISTcases based on the intensity of the 43 protein spots. Yellow, P-GIST; light blue, G-GIST. Right, spot numbers and the protein names. C, principal component analysis of the 17 GISTsamples based on the intensity of the 43 protein spots clearly discriminated between the P-GIST (yellow) and G-GIST (light blue) group. D, the similarity between the samples was measured by calculating the correlation coefficiency of the intensity of the 43 spots; the results are summarized in the correlation matrix shown. Statistical analysis. The tumor-specific and metastasis-free survival times were calculated from the first resection of the primary tumor to death from tumor-specific causes or to first evidence of metastasis, respectively. All time-to-event end points were computed by the KaplanMeier method (32) . Patients who died of causes unrelated to GISTs were censored at the time of death. Potential prognostic factors were identified by univariate analysis using the log-rank test. Independent prognostic factors were evaluated using a Cox's proportional hazards regression model and a stepwise selection procedure. To arrive at a parsimonious multivariate model, covariates were selected into the Fig. 1A and Supplementary Fig. S3 . c Accession numbers of protein were derived from SWISS-PROT and National Center for Biotechnology Information nonredundant databases. b Observed isoelectric point and molecular weight calculated according to location on the two-dimensional gel.
x Theoretical isoelectric point and molecular weight obtained from Swiss-Prot and the ExPASy database. (http://au.expasy.org). k Mascot score for the identified proteins based on the peptide ions score (P < 0.05; http://www.matrixscience.com). model only if they contributed significantly to the fit of the model based on the m 2 test value. P value differences of <0.05 were considered to be significant. Statistical analyses were done using the SPSS statistical package (SPSS).
Results
We compared the protein expression profiles between nine G-GISTs and eight P-GISTs using two-dimensional difference gel electrophoresis. We selected 1,513 protein spots that appeared in at least 75% of the images of the Cy3-labeled internal control sample to decrease irrelevant expression data.
The G-and P-GIST samples were not classified into their respective groups based on the overall protein expression features of the samples (Supplementary Fig. S2 ). However, we found that 43 protein spots had significantly different intensity between the two groups (P < 0.01). The localization of the 43 spots on the two-dimensional image is shown in Fig. 1A (enlarged image in Supplementary Fig. S3 ). Hierarchical clustering and principal component analysis accurately classified the 17 GIST samples into either the G-or the P-GIST group based on the intensity of the 43 selected spots (Fig. 1B and C) . The profiles of the 43 spots were similar between samples of the same group and different between (Fig. 1D) . Mass spectrometric protein identification revealed that the 43 protein spots corresponded to 25 distinct gene products ( Fig. 1B ; Table 2; Supplementary  Table S2) .
We aimed to prioritize the protein spots according to their discriminative power for the two groups. We created a classifier based on a support vector machine algorithm that used the intensity of the 43 spots and ranked the 43 spots according to their contribution to the classification using support vector machine weight algorithm (Table 2) . We found that 4 of the 8 identified pfetin spots were ranked within the top 10 protein spots whose intensity was different between the groups ( Table  2 ), and that pfetin spots appeared 8 times in the list of the 43 protein spots (Fig. 1B; Table 2 ).
Pfetin is highly expressed in fetal cochlea and brain (25), consistent with the fact that the origin of GIST is Cajal cells, neuronal cells in the gut. Thus, we further validated the relationship of the expression of pfetin with the malignant potential of GISTs. SDS-PAGE/Western blotting showed that the expression of pfetin was lower in the P-GIST compared with the G-GIST group (Fig. 2A) . Two bands on SDS-PAGE/ Western blotting corresponded to the location of protein spots for pfetin variants on the two-dimensional image ( Fig. 1A;  Supplementary Fig. S3 ). These results were further validated in an additional four GIST samples that were not included in the initial proteome study (Supplementary Fig. S4A ). Pfetin expression was not observed in the 6 liver metastases examined or in primary high-risk GISTs that developed metastases between 13 and 30 months postsurgery (Supplementary Fig. S4B; Supplementary Table S1 ).
We used immunohistochemistry to evaluate pfetin expression in situ. Positive cells were diffusely stained with antipfetin antibody in membrane and cytoplasm. All nine G-GISTs expressed pfetin, whereas none of the eight P-GISTs did (Fig. 2B) . Pfetin expression was not observed in neighboring host cells or in the intestinal cells of Cajal ( Supplementary  Fig. S5 ).
Real-time RT-PCR revealed pfetin mRNA levels were higher in G-GISTs than in P-GISTs (Fig. 2C) . However, the difference between the P-and G-GIST group was less obvious at the mRNA than at the protein level, suggesting that pfetin expression is partially regulated at the mRNA level, and that Fig. 2 . Validation of the differential expression of pfetin. G-GISTs expressed pfetin at significantly higher levels than P-GISTs. A, Western blotting. Case numbers correspond to those in Fig. 1. B, immunohistochemistry; pfetin is overexpressed in G-GISTs (top), whereas it is not expressed in P-GISTs (bottom). C, the pfetin mRNA expression levels detected in the 17 GISTsamples examined. P-GIST, 1:8; G-GIST, 9:17. posttranscriptional regulation may also play an important role in pfetin expression.
As pfetin expression has been reported to correlate with c-kit mutation status (33), we examined 39 primary GISTs for the presence of c-kit and PDGFRA gene mutations and monitored their pfetin expression levels by Western blotting (Supplementary Tables S1 and S3 ). Overexpression of pfetin was observed in 12 of 29 c-kit mutation positive cases and in 6 of 10 negative cases (P = 0.389; Supplementary Table S3) . PDGFRA mutations were not detected in the series. We observed no significant correlation between pfetin expression and c-kit or PDGFR mutation status.
The immunohistochemical study of 210 GISTs revealed a strong correlation between pfetin expression and a number of clinicopathologic variables including the tumor size, mitotic index, MIB-1 index, degree of differentiation, and risk classification (P < 0.0001; Table 3 ). Moreover, distant metastasis was observed in a significantly higher proportion of patients with pfetin-negative tumors compared with those with pfetin-positive tumors (24 of 39 versus 12 of 171 cases; P < 0.0001), with a median follow-up period of 73 months. The 5-year metastasis-free survival rate was significantly higher in the pfetin-positive than in the negative group overall (93.9% versus 36.2%; P < 0.0001; Fig. 3A ; Table 3 ) as well as within each risk group (Fig. 3B-D) . Multivariate analysis revealed that pfetin expression was a powerful predictor of disease-specific survival ( Table 3 ). Note that high-risk cases were divided into two groups, the pfetin-positive and the pfetin-negative group, the latter having a worse prognosis. Furthermore, tumorspecific survival was statistically significantly longer in the pfetin-positive compared with the pfetin-negative group (P < 0.0001; Table 3 ; Supplementary Fig. S6 ). These data clearly indicate that prognosis relying solely on the established risk classification system is not sufficiently accurate to determine the post-operative therapeutic strategy for GIST patients, and the use of pfetin expression may further refine the prognostic criteria so as to identify patients who may benefit from additional therapy.
Discussion
Employing proteomics tools, we identified 43 protein variants corresponding to 25 distinct gene products that distinguished GIST patients according to their clinical outcome. The discriminating power of this set of proteins may be developed for use in a clinical setting. However, albeit useful to describe complex clinical variables, cutting-edge proteomic technologies cannot be transferred easily to a hospital setting, considering the high installation costs and labor intensity, the low throughput, and the required operational skills. A smaller number of proteins, measurable by simpler techniques, may be preferable for use in practice. With this notion, we showed that pfetin expression can be examined by SDS-PAGE/Western blotting, immunohistochemistry, and quantitative RT-PCR. Moreover, using a large-scale sample set, we showed that the expression levels of pfetin, as evaluated by immunohistochemistry, are predictive of patient outcome. Therefore, evaluation of pfetin expression can be applied in a clinical setting using the existing examination protocol and may allow the identification of a high-risk patient group that may benefit from adjuvant therapy, such as treatment with imatinib, while it may also help spare low-risk patients unnecessary treatment. As mass spectrometric global surveys for phosphorylated proteins identified pfetin as a phosphorylated protein (34, 35) , the multiple protein spots of pfetin may correspond to the different phosphorylation variants.
Recently, Kang et al. (33) did a proteomic study on 12 GIST samples using two-dimensional gel electrophoresis and reported that pfetin overexpression (C13orf2 in their report) correlated with histologic grading and the presence of c-kit mutations. In contrast, our results indicated that pfetin expression is inversely correlated with histologic grading (Figs. 1 and 2) , and that pfetin expression levels are not associated with c-kit mutation status (Supplementary Tables S1  and S3 ). Moreover, the proteins reported to correlate with histologic malignancy by Kang et al. (33) , including Annexin V, HMGB1, glutamate dehydrogenase 1, and fibrinogen h chain RoXaN (33), were not identified as such in our study, whereas 24 gene products identified in this study were not listed in their report (33) . As these discrepancies may be due to differences in patient populations and proteomic modalities used, an international project to integrate all reported proteomic data in a common proteomic platform is needed to elucidate the molecular background of GISTs.
Although pfetin is known to contain a voltage-gated potassium (K + ) channel tetramerization domain (25) , its function in the process of cancer development and progression Fig. S5 ). Proteomic analysis of pfetinassociated proteins may provide clues to understanding the role of pfetin in GIST development and progression.
Our study has the limitation of not detecting proteins expressed in low levels. We did not observe overexpression of the kit (36 -41) or PDGFRA gene products, or loss of CD44 (42) or p16 (11, 12) . In addition, we did not detect CD34 (18) or connexin 43 (43) expression, reported to be commonly up-regulated in stomach and small intestinal GISTs, respectively. Aberrant regulation of these gene products was initially detected at the mRNA level and was later confirmed at the protein level using specific antibodies. Presently, any global approach to protein expression cannot uncover the whole proteome in a quantitative and reproducible way. The continuing efforts to improve the sensitivity of proteomic modalities have enabled the uncovering of several thousands of proteins with posttranslational modifications (24, 44, 45) . We believe that such efforts will overcome some of the inherent limitations of proteomics and lead to a more detailed understanding of the disease mechanisms and to novel therapeutic strategies in the near future.
In conclusion, we identified a possible correlation of 43 protein variants corresponding to 25 distinct gene products with variables of clinical interest in GIST and validated pfetin expression using a specific antibody. From this study, pfetin expression is predictive of metastasis and survival of patients with GISTs and, as such, may be used in clinical practice to improve existing therapeutic strategies. Assessment of the prognostic power of the combined use of pfetin and the other 24 proteins as well as more extensive validation of pfetin using additional samples are now under way in our laboratory.
